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Abstract Environment models serve as important resources
for an autonomous robot by providing it with the neces-
sary task-relevant information about its habitat. Their use
enables robots to perform their tasks more reliably, flexibly,
and efficiently. As autonomous robotic platforms get more
sophisticated manipulation capabilities, they also need more
expressive and comprehensive environment models: for ma-
nipulation purposes their models have to include the objects
present in the world, together with their position, form, and
other aspects, as well as an interpretation of these objects
with respect to the robot tasks.

The dissertation presented in this article (Rusu, PhD the-
sis, 2009) proposes Semantic 3D Object Models as a novel
representation of the robot’s operating environment that sat-
isfies these requirements and shows how these models can
be automatically acquired from dense 3D range data.

1 Why 3D Semantic Perception?

Humans perceive their environments in terms of images, and
describe the world in terms of what they see. This erro-
neously suggests that we might be able to frame the per-
ception problem solely in a 2D context. As we can see from
Figs. 1 and 2, framing the perception problem this way can
lead to failures in capturing the true semantic meaning of the
world.

The reasons are twofold. On one hand, monocular com-
puter vision applications are flustered by both fundamental
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deficiencies in the current generation of camera devices and
limitations in the datastream itself. The former will most
likely be addressed in time, as technology progresses and
better camera sensors are developed. An example of such a
deficiency is shown in Fig. 1, where due to the low dynamic
range of the camera sensor, the right part of the image is
completely underexposed. This makes it very hard for 2D
image processing applications to recover the necessary in-
formation for recognizing objects in such scenes.

Fig. 1 Model matching failure in underexposed 2D images. None
of the features extracted from the model (left) can be successfully
matched onto the object of interest (right)

Fig. 2 An example of a good model match using features extracted
from 2D images (left), where an object template is successfully iden-
tified in an image. However, zooming out from the image, we observe
that the template is in fact another picture stitched to a completely dif-
ferent 3D object (in this case a mug). The semantics of the objects in
this case are thus completely wrong
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The second reason is linked directly to the fact that com-
puter vision applications make use of 2D camera images
mostly, which are inherently capturing only a projection of
the 3D world. Figure 2 attempts to capture this problem by
showing two examples of matching a certain object template
in 2D camera images. While the system apparently matched
the model template (a beer bottle in this case) successfully
in the left part of the image, after zooming out, we observe
that the bottle of beer was in fact another picture in itself,
stitched to a completely different 3D geometric surface (the
body of a mug in this case). This is a clear example which
shows that the semantics of a particular solution obtained
only using 2D image processing can be lost if the geometry
of the object is not incorporated in the reasoning process.

2 The Computational Problem

The main computational problems of semantic perception
that are investigated in this thesis are depicted in Figs. 3
and 4. In both figures, the input data consists of range mea-
surements coming from 3D sensing devices, thus the input
is a set of points with each point having a 3D coordinate in
the world.

The first computational problem that we want to investi-
gate can be formulated as follows. Given a set of individual

Fig. 3 Computational problem 1: create a Semantic 3D Object Map
representation (right) for a kitchen environment from a set of input
datasets (left)

Fig. 4 Computational problem 2: decompose an object into individual
parts and reconstruct its surface (right) from a raw dataset (left)

datasets as the ones presented in the left part of Fig. 3, build
a Semantic 3D Object Map such as the one presented in the
right part of the figure, that contains information about the
objects in the world such as: cupboards are cuboid contain-
ers with a frontal door and a handle, tables are supporting
planes which can hold objects that are to be manipulated,
and kitchen appliances contain knobs and handles that can
be used to operate them [5].

The second computational problem is given in Fig. 4.
Given a dataset representing a supporting table plane with
an object present on it (left), produce a representation such
as the one shown on the right part, where the object model is
decomposed into individual parts to help grasping applica-
tions and its surface is reconstructed using smooth triangular
meshes [4].

These two examples pose serious challenges for the cur-
rent generation of 3D perception systems. Though both ap-
plications are formulated in the context of structured human
living environments, the variation of object placements and
shapes, as well as the differences from one room and apart-
ment to another, makes the problem to be solved extremely
difficult. In particular the acquired datasets contains exacer-
bated levels of noise, there are objects and surfaces which
do not return measurements thus leaving holes in the data,
the scenes are too cluttered and the objects to be searched
for contain extremely large—if not infinite—variations of
shapes and colors, just to mention a few.

3 Semantic 3D Object Maps

The contributions of this thesis consist in numerous theoret-
ical formulations and practical solutions to the problem of
3D semantic mapping with mobile robots. Divided into three
distinct parts, the thesis starts by presenting important con-
tributions to a set of algorithmic steps comprising the kernel
of a Semantic 3D Object Mapping system [2]. This includes
dedicated conceptual architectures and their software imple-
mentations for 3D mapping systems, useful in solving com-
plex perception problems. Starting from point-based repre-
sentations of the world as preliminary data sources, an inno-
vative solution for the characterization of the surface geome-
try around a point is given through the formulation of a Point
Feature Histogram (PFH) 3D feature [3]. The proposed
feature space is extremely useful for the problem of finding
point correspondences in multiple overlapping datasets (see
Fig. 5), as well as for learning classes of geometric prim-
itives that label point sampled surfaces (see Fig. 6). Other
important contributions include partial view point cloud reg-
istration under geometric constraints, and surface segmenta-
tion and reconstruction from point cloud data for static en-
vironments.
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Fig. 5 Point feature representations for three pairs of corresponding points (pi, qi ) on 2 different point cloud datasets

Fig. 6 Classification results using Point Feature Histograms for a syn-
thetic scene using Support Vector Machines

The second part of the thesis tackles the semantic scene
interpretation of indoor environments, including both meth-
ods based on machine learning classifiers and parametric
shape model fitting, to decompose the environment into
meaningful semantic objects useful for mobile manipulation
scenarios (see Fig. 3) [5]. The former is formulated in the
context of supervised learning, where multiple training ex-
amples are used to estimate the required optimal parameters
for the classification of 3D points based on the underlying
surface that they represent. The latter includes hierarchical
non-linear geometric shape fitting using robust estimators

Fig. 7 Left: the dynamic obstacle map used for motion planning.
Right: The extraction of a table surface and the individual object clus-
ters supported by it, from a partial view

Fig. 8 (Color online) Left: Snapshot of the PR2 mobile robot during
door identification and opening experiments. Right: Door and handle
identification example in a 3D point cloud acquired using the tilting
Hokuyo laser on the PR2. The handle is marked with green, the door
frame with black, while the rest of the point cloud is shown in intensity
(yellow-red shades)

and spatial decomposition techniques, capable of decompos-
ing objects into primitive 3D geometries and creating hybrid
shape-surface object models. To obtain informative classes
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Fig. 9 (Color online) Top: Point Cloud model simplification using
polygonal fitting. From left to right: overlapping aligned point cloud
views, combination point cloud data model and polygonal model, and
the resulting polygonal model. Bottom: Semantic labeling of polygonal

surfaces based on heuristic geometrical rules. The labeled classes are:
flat and level terrain (green and yellow), vertical structures (red), stairs
(purple), and unclassified or unknown (gray)

of complete objects, a novel global feature estimator which
captures the geometry of the object using pairwise relation-
ships between its surface components is proposed and vali-
dated on datasets acquired using active stereo cameras.

Finally, the third part of the thesis presents applications of
comprehensive 3D perception systems on complete robotic
platforms. The first application [7] relates to the problem of
cleaning tables by moving the objects present on them in the
context of dynamic environments with personal robotic as-
sistants. The proposed architecture constructs 3D dynamic
collision maps, annotates the surrounding world with se-
mantic labels, and extracts object clusters supported by ta-
bles with real-time performance (see Fig. 7). The experi-
ments are validated on the PR2 (Personal Robotics 2) plat-
form from Willow Garage, using the ROS (Robot Operating
System) paradigms (see Fig. 8).

The second application uses the same mobile manipula-
tion platform from Willow Garage, and presents an architec-
ture for door and handle identification from noisy 3D point
cloud maps [6]. Experimental results show good robustness
in the presence of large variations in the data, without suffer-
ing from the classical under or over-fitting problems usually
associated with similar initiatives based on machine learning
classifiers.

The third and final complete application example tack-
les the problem of real-time semantic mapping from stereo
data for navigation using the RHex (Robot Hexapod) mobile
robot from Boston Dynamics [8]. Figure 9 presents results
obtained using the system in the SRI campus.
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